The deformation of monolithic bulk-metallic glasses (BMGs), nanocrystal-containing, and micrometer-sized, ductile-particle-reinforced bulk metallic glass composites (BMGCs) has been investigated. The number density of shear bands, the interaction of shear bands with the particles, as well as the apparent plasticity was found to be significantly different in three types of samples before failure occurred. The interaction of shear bands with the micrometer-sized particles implied that shear bands can be initiated by stress concentration at the particle boundaries and, at the same time, absorbed by the deformation of particles. It is hypothesized that the observed number density and motion of shear bands could arise from the interaction of rotational sliding of medium range order (MRO) or dense-packed clusters, fine crystals, and the free volume in the material. An estimate of the shear band thickness, based on the size of particles or grains near and in the shear bands of the BMGs, BMGCs, and ultra-fine structured materials is consistent with this conjecture.
Introduction
Materials with nanometer-scale structural features (e.g., nanocrystalline alloys) or those without a long-range crystalline order (e.g., metallic glasses) exhibit unique electronic, optical, magnetic, and mechanical properties that, in turn, open up a range of possible new applications. With respect to their mechanical behavior, these materials often have extremely high strengths and very large elastic limits (especially when the grain sizes approach zero). In amorphous alloys and some of nanocrystalline alloys (and some of ultra-fine grained materials), the initiation and propagation behaviors of shear bands are an important part of the deformation and failure mechanism. [1] [2] [3] [4] [5] [6] [7] [8] The grain-rotational phenomena, associated with the dislocation motion in nanostructures, and grain boundary sliding are often used to describe the deformation mechanisms in ultrafine-and nanometer-grain-sized materials. 1, 2) At the same time, the free-volume theory is evoked to interpret the initiation and propagation of shear bands in metallic glasses, which have the narrowest observed thicknesses of about 20 nm. [8] [9] [10] [11] [12] The free-volume theory accounts well for the homogeneous plastic deformation in the supercooled liquid region of metallic glasses. 10) However, it is not sufficient to explain the inhomogeneous deformation of metallic glasses at ambient temperature, where only few highly localized shear bands appear before failure.
Experimental Description
In order to investigate the relationship between shear bands and microstructures, we prepared monolithic Zr 55 Ni 10 -Cu 20 Ta 3 Al 12 bulk-metallic glasses (BMGs), nanocrystalcontaining Zr 60 Cu 20 Pd 10 Al 10 BMG composites (nano/ BMGCs), and in-situ Ta-rich particles-reinforced (Zr 55 -Ni 10 Cu 20 Ta 3 Al 12 ) 96 Ta 4 BMG composites (Ta-particle/ BMGCs) with an as-cast sample size of 3 mm in diameter and 70 mm in length. A Zr 60 Cu 20 Pd 10 Al 10 BMG was fabricated by arc melting the elemental components in Tigettered partial Ar atmosphere. The master alloy was then suction cast into a BMG rod. A subsequent anneal at 726 K for 1.8 ks was used to generate nanocrystals in the nano/ BMGC. The Ta-particle/BMGCs were produced by a twostep ingot preparing method, in which binary solid-solution ingots of Zr-Ta were fabricated before they were arc-melted into master alloy ingots with the remaining elemental components of Ni, Cu, and Al, followed by suction casting. Microstructures of the specimens were examined by transmission-electron microscopy (TEM) and scanning-electron microscopy (SEM). The phase chemistry of the crystalline phases was determined using X-ray diffraction (XRD) analysis. The mechanical properties were measured by uniaxial compression tests, using square-cross section or cylindrical samples with a 2:1 ratio of the length to diameter at a strain rate of 1 Â 10 À4 s À1 at room temperature. The morphology of the shear bands of samples were investigated by SEM. The lack of significant contrast of the bright-field image and the haloed-ring diffraction pattern in Fig. 1(a) show the characteristics of the monolithic BMG. On the contrary, as shown in Fig. 1(b) , the annealed nano/BMGC consists mainly of very fine grains with sizes of less than 10 nm, and the volume fraction of about 27% diffraction pattern demonstrates haloed rings that are much sharper than those shown in Fig. 1(a) . The crystallized phases have been reported in a study by Fan and Inoue 13) consisting of the Pd-containing Zr 2 (Cu,Pd) and Zr 3 (Al,Pd) 2 intermetallic compounds. Figure 1 The emerging crystalline peaks correspond to a bodycentered cubic (bcc) structure. Using energy dispersive spectroscopy, Fan et al. 7) have determined that these particles consist of ductile Ta-rich Ta-Zr solid solution. The BMG matrix of the BMGC has approximately 3 at% Ta concentration and, thus it is quite reasonable to expect that its properties will be similar to the monolithic Zr 55 Ni 10 -Cu 20 Ta 3 Al 12 BMG.
Results and Discussion
The compressive mechanical properties of the monolithic BMG and two BMGCs are shown in Fig. 3 . The stress-strain relation is linear up to about a 2% compressive strain (i.e., the elastic part of the loading curve), followed by yielding and plastic deformation. The monolithic BMG fails immediately after yielding. However, the nano/BMGC, which contains a 27% volume fraction (V f ) of nanocrystals with a size of only 1 to 3 nm, exhibits an increase in plastic strain of 4.5%. The in situ composite of the Ta-particle/BMGC fails at the largest plastic strain of more than 15%.
A possible reason for the different levels of plastic strain among the three types of materials is due to the different number density of shear bands that have been generated during the deformation. Figure 4 shows post-compression SEM of the samples. As shown in Fig. 4(a) , after an apparent plastic deformation (e p ) of 0.1% of the monolithic BMG sample with cross-sectional dimensions of 2 mm Â 2 mm and a length of 4 mm, there were two shear bands that traversed the sample. Both showed clear offsets between the shear displaced parts of the sample, 2 and 4 mm, respectively; the former is shown in Fig. 4(a) . Further compression of the same sample to e p ¼ 0:8% caused the existing localized shear bands to propagate further. As a result, the sample developed larger offsets of 5.5 and 12 mm, respectively; see the SEM of the first offset in Fig. 4(b) . The sample failed upon further application of the compressive stress. In contrast, as shown in Fig. 4(c) , the nano/BMGC sample exhibited a greater number of shear bands that likely manifests itself as the much greater plastic strain. An entirely different behavior is exemplified in Fig. 4(d) ; the figure presents the deformed morphology of the Ta-particle/BMGC sample. Even after a relatively small stain (e p ¼ 0:1%), a large number of shear bands appeared on the surface. Also note these shear bands have only very limited extension. No shear band traversed the entire width of the sample or showed a distinct displacement offset, even though e p exceeded 10%. The interaction of shear bands (white arrows) and Ta-rich particles (black arrows) in the Ta-particle/BMGC sample were further investigated by SEM. A higher magnification image is shown in Fig. 4(e) . The backscattered electron image of a number of shear bands revealed limited extension and multiple branching during deformation. The shear bands of limited length, indicated by white arrows, appear around particles A, B, C and D are found connecting adjacent particles. This implies that the shear bands may be initiated at the ductile particle-matrix interface. Note that most shear bands are found between particles, such as those between particles A and B. However, it also appears that none of the shear bands propagate through any of the particles to emerge on their opposite sides. Such behavior indicates that the shear bands could be absorbed at the ductile particle-matrix interface. The shear-band-like contrast inside the precipitate seems to be related to dislocations. At the BMG matrix and Ta particle interface, a stress concentration exists. Due to its lower yield strength, the ductile particle yields prior to the yielding of the matrix, with the introduction of internal dislocations. As such, upon compression, this increasing stress mismatch between the matrix and the particles could be considered to be the reason for the particle-matrix interface being an initiation site for shear band formation. Obviously, the initiation and absorption of shear bands by particles would result in more and more shear bands arising during deformation. 7) Unlike the relatively large Ta-rich particles in the Ta-particle/BMGC, in the nano/BMGC, the size of nanocrystals contained at the 27% V f are only 1 to 3 nm. 5, 6) Such small particles cannot absorb propagating shear bands, but can result in a nonuniform stress distribution inside the sample (i.e., stress concentration). The presence of nanocrystals can lead to increases in viscosity as well that could facilitate the formation of a greater number of shear bands. However, because the nano/BMGC material is produced by heatinduced crystallization and at a temperature far below the BMG quench temperature, it is expected to contain less free volume than that found in its parent or other monolithic BMG. The removal of free volume would lower the propensity for shear banding. However, as observed in Figs. 3 and 4 , there were a higher number of shear bands and a greater plastic strain was observed in the nano/BMGC than that in the monolithic BMG. Even though the nanoparticles are still much smaller (less than 5 nm) than the thickness of shear bands (normally 20 nm), 8) as exhibited by the data, they nevertheless have a strong effect on the initiation and propagation of shear bands. Therefore, their presence must evoke another shear banding mechanism. Miracle 14) recently presented a compelling structural model for BMGs-a new scheme based on topological principles. The model describes the dense packing of atomic clusters (consisting of close-packed spheres), and accounts for medium range order (MRO) up to a length scale of about 0.7 nm. The sizes of these clusters are much larger than that of the co-existing, entrapped individual free volume. Under loading, the arrangement of clusters should provide a larger nonuniform stress distribution on a microstructural scale than the individual free volume would do alone. Because of their homogenous distribution, regardless whether it is the presence of atomic clusters or the collective free volume in the BMG is the source for shear band initiation, the number of observed shear bands should be much greater than that reported in the literature. The actual findings are contradictory, as only a limited number of shear bands appear, that then leads to failure. Thus, the free-volume theory alone cannot explain shear band initiation well in BMGs. It may be noted that in practice shear bands in BMGs could easily form on free surfaces. That is, the stress concentration (actually caused by the presence of defects or surface roughness) at the sample's free surface might have a greater influence than the free volume or clusters on the shear band initiation in the case of monolithic BMGs.
The aforementioned close-packed cluster based model can be interpreted as a perfect crystal-like MRO, in which the atoms need higher activation energy barriers to move than there structures with defects. However, the randomly packed atoms, with local free volume surrounding the clusters, are provided vacant space to slide or move into. As such, they have a lower activation-energy barrier to overcome in moving from one position to another. These characteristics also offer the opportunity for these close-packed clusters to rotate. The movement of a rotating cluster is unlike a dislocation that has only one dimension to glide in; it has three degrees of freedom or three dimensions that it can move in. It is not unlikely that during the formation and propagation of a shear band, a large number of clusters and atoms are required to move in the plane along the maximum shear stress. This trend may well be the reason why even the narrowest shear band is not a simple infinitesimal line but has a finite layer thickness of about 20 nm. 8) Thus the mechanism of shear banding is expected to be the same in BMGs or nano/BMGCs.
An effective rotational-sliding deformation requires a layer with the proper thickness to accommodate and coordinate the cooperative motion of the clusters. Such behaviour is phenomenologically similar to the deformation mechanism of grain rotation associated with the grainboundary sliding in ultrafine-and nano-structured materials.
1,2) Therefore, as shown in Fig. 5 , the observed shear band thickness, d, of ultrafine to nanostructured materials when plotted against the grain size within or near the band, d, would provide a fair estimate of the thickness of shear bands of BMGs and nano/BMGCs as well. Based on Miracle's cluster approach, and taking a dense packing cluster size of 0.3 nm as a 'grain size,' even amorphous materials could be included in this relationship. The size ratio is about 60, implying that the thickness of shear band is about 60 times larger than the average grain size. As the grain size approaches 1 nm, this translates into a band thickness of about 60 nm. This is not unreasonable as an upper limit for the shear-band thickness seen in BMGs. Additionally, this thickness is quite manageable for the cooperative movement of many atoms or crystalline clusters.
Based on observations of micrometer to nanometer-sized BMGC materials extrapolated to composites with particle inclusions having no dimensions, i.e., BMGs, and together with ultrafine and nanostructured materials, a possible common mechanism of shear band propagation might exist. Coupled with random atomic sliding, the shear bands move or propagate as clusters or MRO, crystals cooperatively rotate into the planes of the maximum resolved shear stress. It is also important to keep in mind that the stress concentration caused by particles (including clusters) or surface imperfections could likely initiate shear bands in BMGs and BMGCs.
Conclusions
We have shown that there is an increase in the plastic strain to failure in nano and micro/BMGCs compared to monolithic BMGs. Observations of the higher yield strains are shown to be associated with a greater number of shear bands in the former. It is hypothesized that the presence and distribution of micro-and nanometer particles in the BMGCs perform an important role on the initiation and propagation of shear bands. It is further suggested that the interaction and rotation of dense closed-packed clusters or nanocrystals could assist in the propagation of shear bands. When scaled to larger dimensions, the particles interact with shear bands implying that shear bands can be initiated by stress concentration, at the particle BMG matrix interface. The shear bands can also be absorbed or impeded by the plastic deformation of particles.
